and the cucumber fruit streak strain of CLSV (CLSV-FS). A bulk culture of O. radicale from melon plant roots collected at Montfavet, France, did not transmit CLSV or CLSV-FS. All four cultures transmitted cucumber necrosis and melon necrotic spot viruses, used as positive controls, but they did not transmit cucumber soil-borne, squash necrosis, petunia asteroid mosaic or tobacco necrosis viruses. In each of the trials a single-sporangial culture of O. brassicae from lettuce plant grown in California transmitted only tobacco necrosis virus.
The carmoviruses and tombusviruzes, including several viruses tentatively assigned to these groups, share many characteristics (for a review see Martelli et al., 1988; Morris & Carrington, 1988) . The definitive and tentative carmo-and tombusviruses found in the Cucurbitaceae form a group amenable to study in hosts in this family and one for which various methods of transmission have been proposed. The fungal vector Olpidium radicale Schwartz & Cook [formerly O. cucurbitacearum Barr (Lange & Insunza, 1977) ] transmits cucumber necrosis tombusvirus (CNV) (Dias, 1970; Temmink et al., 1970; Stobbs et al., 1982) , and is associated with the transmission of melon necrotic spot carmovirus (MNSV) (Furuki, 1981) and squash necrosis virus (SqNV), a polyhedral virus not yet assigned to one of the established groups Lin & Palagi, 1983) . Beetles have been reported to transmit MNSV and a few other carmoviruses (Morris & Carrington, 1988) , but no vector has been identified for other viruses. However, some of these have been classified as soil-borne because bait plants grown in infested soil became infected, e.g. cucumber soil-borne virus (CSBV) (Koenig et al., 1983) . Vectorless soil transmission has been proposed as the method by which cucumber leaf spot virus (CLSV) and the serologically related cucumber fruit streak strain (CLSV-FS) naturally infect roots (Kegler & Kegler, 1981 ; Weber et al., 1982; Weber, 1986; GalliteUi et al., 1983) .
Two types of relationship between fungal vectors and viruses are known. In the first type, which has been termed in vitro acquisition (Campbell, 1979 (Campbell, , 1988 , virions are adsorbed to the membrane of the motile zoospores (Temmink et al., 1970; Stobbs et al., 1982) . These viruses do not survive within the resting spores of the vector. In the second type, the virus is acquired in vivo as the fungus develops within host plant cells and is present within resting spores of the fungus.
The objective of this study was to test O. radicale and O. brassicae as possible vectors of several tombus-and carmoviruses that cause systemic necrotic diseases on cucurbits using in vitro acquisition of highly diluted virus preparations and a short incubation period to minimize vectorless (mechanical) transmission to the roots.
The viruses were CLSV from I. Weber, CLSV-FS from D. Gallitelli, CNV from H. F. Dias, CSBV from R. Koenig, SqNV from M. T. Lin, and MNSV isolate C, petunia asteroid mosaic tombusvirus (PAMV) isolate E-60 and tobacco necrosis virus (TNV) isolate 87-13 of the A serotype. The latter three viruses were isolated from cucumber plants in France (Campbell et aL, 1990) . Infectivity assays were done on the three or four youngest, fully expanded leaves of Chenopodium quinoa Willd. or C. amaranticolor Coste & Reyn. for all viruses except MNSV, for which fully expanded cotyledons of two cucumbers cv. Marketer were used.
Antisera were from our collections except that for CSBV which was from R. Koenig, that for CLSV-FS which was from D. Gallitelli, that for SqNV, which was from M. T. Lin, and that for TNV which was prepared by J. K. Uyemoto against isolate KA of TNV. In most 0001-0357 © 1991 SGM tests the double antibody sandwich ELISA (DAS ELISA) was used with IgG and alkaline phosphataseconjugated IgG prepared according to standard procedures (Clark & Adams, 1977) . Seven viruses, excluding CLSV-FS for which a conjugate was not prepared, did not cross-react in these tests, confirming reports summarized by Martelli et al. (1988) and Morris & Carrington (1988) that they are not serologically related. The Protein A sandwich ELISA (PAS ELISA) (Edwards & Cooper, 1985) was used to detect CLSV-FS.
The isolation of bulk cultures of the fungi, preparation of single-sporangial cultures (identified with a SS prefix), maintenance in sand culture and transfer with the root washing technique have been described (Campbell, 1988) .
A bulk culture of O. brassicae was baited with lettuce plants grown in soil collected in the Salinas Valley, California, U.S.A. in 1987; SS58 was isolated from it and propagated in lettuce plants. This isolate was free of lettuce big vein virus.
Several isolates of O. radicale having the characteristics described by Lange & Insunza (1977) were obtained as bulk cultures and single-sporangial isolates were made from two of them. The first culture was baited from melon plants grown in a glasshouse in Yolo County, California, U.S.A. and SS94 was isolated from it in 1988. Another bulk culture (89-RZ) was obtained from the roots of cucumber plants infected with MNSV in protected culture near Nantes, France in 1989. This culture, which was carrying MNSV, was kept in airdried roots for 3 weeks before it was recovered in cucumber bait seedlings and SS145 was isolated in May 1990. Isolate SS145, which was made while CLSV was being purified in the same laboratory, was transmitting CLSV but not MNSV when tested in June 1990. It was maintained as a CLSV-transmitting culture from June to December 1990. A subculture, designated SS145/7, was freed from CLSV by immersing fresh roots of a cucumber plant inoculated 5 weeks previously in 20% Na3PO4 for 2 h. After rinsing the roots in 0.5 Mphosphate buffer pH 7.2, they were placed in the root zone of cucumber seedlings growing in pasteurized quartz sand. The fungus was recovered 3 weeks later. The roots of the bait seedlings and of the hosts used to maintain the culture were free of viruses. Another bulk culture (90-3) was trapped from the roots of melon plants growing in glasshouses at the Station d'Amelioration des Plantes, Montfavet, France in September 1990. The O. radicale cultures were maintained on the host from which they were isolated (cucumber or melon cv. Vedrantais).
Virus was partially purified using the sodium acetate method (Martelli et al., 1988) modified by the addition of a bentonite adsorption step after the resuspension and low speed clarification of the material precipitated by polyethylene glycol. Sodium bentonite (0.1 volumes) at 30 mg/ml (Dunn & Hitchborn, 1965 ) was added to the clarified supernatant and incubated for 10 min before another low speed centrifugation. After sedimentation at high speed and resuspension, the virus preparations were opalescent without green colour. They had an A26 o value of about 5, and were used at a final dilution of 10 -5 or 10 -6 as inoculum in transmission trials. Three viruses (MNSV, CLSV and CSBV) w.ere purified from cucumber sprouts produced and inoculated as described for TNV in mung bean sprouts (Liu et al., 1969) . Two viruses (CNV and PAMV) were purified from leaves of sapinoculated Nicotiana benthamiana and SqNV was purified from the cotyledons of sap-inoculated squash cv. Diamant. Two viruses, TNV and CLSV-FS, were propagated in primary leaves of cowpea plants or cotyledons of cucumber plants, respectively, and a frozen crude extract (1 g leaves per 2 ml phosphate buffer pH 7.2) was made. For an experiment, a sample was thawed and added to the inoculum to give a final dilution of 1:1000 or 1:5000 for TNV, or 1:400 for CLSV-FS.
The bait plants for all the transmission trials were cucumber seedlings that had been germinated for 5 days and transplanted in pairs into pots with a volume of approximately 100 ml containing about 80 g of pasteurized white sand. These seedlings were grown for 2 to 7 days at room temperature or in a growth chamber at 23 °C for a 16 h photoperiod and at 18 °C for the dark period. Only the in vitro method of virus acquisition was tested in the transmission trials. Zoospore suspensions (>5 x 104 zoospores/ml) were prepared in tap water, viruses were added to give a final dilution near the dilution endpoint and 10 ml of inoculum was pipetted into each of two pots containing bait seedlings. A sample of each inoculum was also inoculated mechanically into the appropriate assay host. Controls with virus only (no fungus), fungus only (no virus), or tap water only were also prepared. The plants were incubated in the growth chamber for 6 to 7 days.
At the end of the incubation period, the roots of both bait seedlings in each replicate pot were carefully and thoroughly washed as a single sample. Infection by each fungus was confirmed in the fungus-only treatments in all trials by observing either the release of zoospores from roots placed in about 5 ml of tap water or sporangia in a lateral root of one of the seedlings mounted on a microscope slide. The tap water-only controls were free of either fungus. The roots, which weighed about 1 g, were ground in 5 ml of phosphate buffer and two 1 ml samples were removed: one was used for mechanical inoculation of assay hosts after the addition of charcoal; the other was diluted in 4 ml of phosphate buffer and tested by ELISA. Each sample was tested against antibodies for each of the viruses in the experiment, but MNSV was assayed on the cotyledons of two cucumber seedlings. t Average absorbance at 405 nm for two replicate wells for each of two replicate pots. Results are presented only for the antibodies against the virus in the inoculum. Each sample also was tested against all other antibodies and no positive reactions were obtained. Results for each virus were blanked against the no-virus control.
++ The results are the average number of lesions per leaf for roots from both replicate pots, each inoculated into three leaves of C. quinoa. The assays of the MNSV treatments were done on cotyledons from two cucumber plants; the assays for the no-virus treatments were done on both hosts. only the results with the antibodies for the virus in the inoculum are presented. The results are given as absorbance at 405 nm after about 2 h. Isolate SS145/7 of O. radicale transmitted CLSV and CNV, and MNSV poorly ( Table 1) . As expected, O. brassicae transmitted TNV. The serological and infectivity assays of virus in bait plant roots were in good agreement, except for those for MNSV, for which the infectivity assay appeared to be more sensitive. The number of local lesions per leaf in the positive assays were not quantitative and were probably beyond the saturation point. The poor transmission of MNSV in this trial probably resulted from too great a dilution of the MNSV preparation because it was transmitted well in later experiments at a lower dilution (see Table 2 ).
Three similar experiments were done, each comparing another isolate of O. radicale to O. brassicae SS58. In each experiment there was good agreement between the serological and infectivity assays as in the experiment above. Isolate 90-3 transmitted CNV and MNSV, but not CLSV. Isolate 89-RZ was already carrying MNSV and transmitted it to all of the plants inoculated. This isolate also transmitted CNV and CLSV simultaneously with MNSV. In an experiment with only one replicate pot of plants, SS94 transmitted MNSV and CLSV efficiently, and CNV poorly. In these three experiments O. brassicae SS58 transmitted only TNV, which was not transmitted by O. radicale. None of the isolates of either fungus transmitted CSBV, PAMV or SqNV, although SqNV was not included in the trial with O. radicale SS94.
The specificity of transmission of CLSV noted with the different O. radicale isolates was confirmed in another series of experiments. Isolate SS145/7 of O. radicale transmitted MNSV, CLSV and CLSV-FS, whereas isolate 90-3 transmitted only MNSV (Table 2) . CLSV-FS did not react with antibodies to CLSV in DAS ELISA and therefore the PAS ELISA test was used, which detected transmission of both CLSV-FS and CLSV. A few CLSV-FS lesions developed in the assay of one replicate inoculated with isolate 90-3. The inoculum of CLSV-FS was more infectious than CLSV, so these few lesions, obtained in only one replicate in one of three trials, were ascribed to a low level of vectorless infection. In another experiment, in which only CLSV and CLSV-FS were tested, isolate 89-RZ of O. radicale transmitted both viruses and isolate 90-3 did not transmit either virus (data not shown).
The experimental evidence presented here and our experience in maintaining CLSV by transfer of a contaminated fungus culture for 6 months demonstrates that O. radicale is a vector of CLSV and CLSV-FS. The virus was eliminated by chemical treatment of resting sporangia and was acquired specifically from dilute solutions by the in vitro method; therefore, the fungal vector-virus relationship is the type described as external to the resting spores and virus is acquired by adsorption to the zoospore plasma membrane (Campbell, 1979) . Isolate 90-3 represents a population within this species which lacks the ability to transmit either CLSV or CLSV-FS, but has the ability to transmit both CNV and MNSV. Similar specificity has been seen in O. brassicae, in which isolates vary in their ability to acquire and transmit TNV (Temmink et al., 1970) , but nontransmitting isolates are not reported to transmit other viruses. Our results strongly suggest that there is a specific mechanism by which O. radicale and the viruses transmitted by it recognize each other. Specificity may also account for our failure to confirm the association of O. radicale with transmission of SqNV. In view of the variability in the ability of Olpidium species to act as vectors, we suggest that other soil-borne viruses, such as PAMV and CSBV, may also have fungal vectors.
The transmission of MNSV by a single-sporangial isolate of O. radicale, but not by a single-sporangial isolate of O. brassicae, provided definitive proof that O. radicale is a vector of MNSV and that MNSV is acquired in vitro. The inclusion of CNV as a positive control provided additional evidence for the identity of the O. radicale cultures. The lack of transmission of TNV by bulk cultures of O. radicale showed that they were not contaminated by O. brassicae. This paper also constitutes the first report of O. radicale in California or in the U.S.A.
